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ABSTRACT 
In this study, increment in the shear strength of soft cohesive soil (Kaolinite S300) that have 
been mixed with 10%-50% crushed curbside collected glass was evaluated using a set of 
physical modeling tests. The selected crushed glass for this study i.e. those filtered through the 
Keywords: Crushed glass; waste material; soft soil; pile; skin resistance; Artificial Neural 
Network. 
2.36 mm (#8) sieve and retained at 1.18 mm (#16) was collected from Johor Bahru, Malaysia. 
Floated piles (from 10 mm to 50 mm diameter) for pull-out test conditions were examined to 
investigate the effect of Crushed Glass-Kaolinite (CG-K) mixture on skin resistance strength 
complexity arises from the non-linearity of the problem. 
was increased to 132.25N. Finally, the results of computations showed that the trained MLP
and RBF model proposed in this study is capable of accurate prediction of 
example, for 10 mm diameter pile floated in pure kaolinite, the ultimate skin resistance capacity 
was 63.55N whereas, with addition of 50% crushed glass with Kaolinite, the ultimate capacity 
increased with the percentage of Crushed Glass increment. For 
model (MLP) and a radial basis function (RBF) were employed and the result shows that the 
experimental data has been fitted with good accuracy using the obtained models. The final 
a multi-layer perceptron
has been introduced to of piles. Moreover, the new unit composite friction coefficient “κ”
utilize in skin resistant capacity of piles. In addition, to predict the κ,
results indicated that the κ
κ despite the 
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Today, waste glass disposal is regarded as a significant environmental threat as a result of the
increasing demand for natural resources and landfill spaces, and the global requirement for 
carbon footprint reduction particularly in the construction industry [1]. Glass manufacturing 
was introduced by ancient Middle Easterners back in 3500 BCE. Since then, waste production 
has grown at an exponential rate. The life cycle of glass products is limited despite its inert 
properties [2],[3] giving rise to the need for a better disposal procedure. 
Utilization of crushed glass is not a new ground improvement method. Texas Tech University 
(TTU) investigated the roadway use of glass and found that cullet is an excellent gravel 
supplement or replacement for construction applications [6]. As it has good permeability, good 
compaction features and compatible with common construction equipment [7]. Various 
researchers found that the responses between alkalis in cement pastes and silica in glass have
a deleterious effect on concrete quality [8] [9] [10] [11][12] [13]. In addition, Wartman and 
Grubb tested the viability of using 9.5 mm crushed glass mixture as a filler material [14]. In 
2015, more than nine million tons of glass were dumped into waste steam, and only 33.22% 
were reused (Table 1) [15]. 
Table 1. Waste Glass Materials in the Municipal Waste Stream, 1960 To 2012 
(In Thousands of Tons) [15] 
Presently, the re-use of glass waste has become a necessity due to its non-degradable properties 
Nations (UN) cited that approximately 181.4 million tons of solid wastes were disposed 
and because landfill spaces are now already filled with solid wastes [4]. In 2004, the United 
annually, of which 12.7 million tons were glass [5]. 
1960 1970 1980 1990 2000 2005 2008 2010 2011 2012 2015 
Generated 6720 12740 15130 13100 12770 12540 12150 11530 11470 11570 9120 
Recovered 100 160 750 2630 2880 2590 2810 3130 3170 3200 3030 
Discarded 6620 12580 14380 10470 9890 9950 9340 8400 8300 8370 6090 
The United States Environmental Protection Agency [16] reported that Americans generated 
11.47 million tons of solid glass waste in 2015 alone, most of it food and drink containers, and 
only 3.03 million (26.72%) of it went to recycling, while the remaining 8.44 million tons (WG) 
went to landfills. In the meantime, about 1.5 million tons of glass waste was generated by the 
EU for renovation activities [17]. The situation is exacerbated by the global generation of 130 
million tons of glass in 2007 [18], and the increasing demand for glass products will result in 
increased WG [19], [5], [2]. 
Research studies have investigated the physical properties of crushed glass for soil 
















   








   
 
    
geotechnical tests to determine the impact of the percentage of crushed glass on the 
geotechnical properties of soil mixtures. The glass was blended with either one or two forms 
of treated soil i.e. 25.4 mm minus gravely sand. The result showed that crushed glass has an 
average specific gravity of 2.5, standard Proctor compaction peak density of 16.2kN/m3 and 
modified Proctor compaction maximum density (MDD) of 18.1kN/m3, and inner resistance of 
about 51 degrees. Dames and Moore's study was summed up by [22] who stated that crushed 
glass is beneficial for substituting natural aggregates for various construction uses. 
This study focuses on laboratory physical modelling of embedded single pile floated in Crushed 
Glass-Kaolinite (CG-K). The main aim is to analyze the enhancement of pile unit shaft friction 
(𝑓𝑠) in the pull-out tests. In addition, a new unit composite friction coefficient “κ” is 
introduced. Finally, multi-layer perceptron and radial basis function models are created to 
predict the unit composite friction coefficient between the pile and clay soil mixed with crushed 
glasses. Notably, the scope of this study is limited to small scale physical modeling tests. 
Without doubt, the stress level and the size of used glass in full-scale tests are significantly 
different and it needs further full-scale tests. Therefore, in the present article discussion about 
details of this conversion is limited. 
Ate (2016) [25], evaluated the geotechnical characteristics of sandy samples improved by 
cement and glass fibers using various unconfined compression strength tests (UCS). The results 
showed that, the UCS increased with increasing of glass fiber content. Up to 3% glass fiber (at 
constant cement content of 15%). In addition, adding more glass fibers declined the UCS. Sina 
Salamatpoor et al. (2017) [26] blended various percentages of crushed glass with stabilized 
clean sand (SP) cement, and revealed that mixing CG with stabilized SP could enhance the 
properties of the stabilized SP with the addition of a minimum of 10% CG. 
Wartman 
easily obtainable, free-flowing, environmentally-
friendly and fairly priced with engineering properties that are similar, or even greater than 
compacted MDDs between 16.6-16.8. Also, the friction angles ranged in normal stresses of 
specific gravity of 2.49 was the reason why in the compaction test, the crushed glass exhibited
between 47° - 62° at 0-200 kPa, and the hydraulic conductivity ranges from 1-6 E10-4cm/s. 
examined the selection of crushed glass engineering characteristics and revealed that the low 
glass was improved by introducing curbside crushed glass. Additionally, Wartman 
cohesive strength of the glass increased from 50% to 100% using fine-grained soils, but the 
frictional strength was reduced from 45% to 20%, indicating that the fictional strength of the 
soil blending could achieve a cohesive degree of crushed glass. The result implied that the 
grained, marginal materials such as Kaolin and quarry fines, and examined the point to which 
[23] estimated the viability of using crushed glass to improve the nature of fine-et al.
et al [24] 
The results described crushed glass as 
natural aggregates. 
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2. Materials and methods 
Curbside collected glass bottles were used in this study to provide the Crushed Glass (CG) 
mixture with Kaolin S300. Material selected for this research were the curbside glass bottles 
collected from different places in Johor Bahru, Malaysia. Moreover, these bottles are collected 
from distinctive types, shape, color, size, thickness, and brands to show that all models of glass 
bottles are potentially capable to use as a recyclable new aggregate in practical applications. 
After the collection process, all bottles were washed to remove any dirt from the surface and 
inside of them. In addition, as much as possible, their labels, corks and lids were removed. 
Next, the bottles were crushed by crusher machine into different sizes; and further to that, all 
crushed glasses were sieved through the 2.36 mm (No. 8) sieve and retained at 1.18 mm (No. 
16). They were oven-dried at 110ºC for 24 hours in advance before sieving process. Fig 1 
shows the used crushed glass in this study after sieving process while Fig 2 illustrates the 
particle size distribution of the crushed glass.
In this study, three materials were used for physical modelling evaluation; white Kaolin (K), 
Crushed Glass (CG), and concrete piles. In terms of soil medium preparation, white Kaolin 
was mixed with crushed glass in different percentages of 10 to 50 percent, in every ten percent, 
and the slurry was made from this mixture to provide normally consolidated clay with an 
undrained shear strength not more than 20kPa. The crushed glass chose to be mixed with 
Kaolinite S300 up to 50%, as the higher percentages of CG-K than this amount is not
considered clay anymore. Furthermore, concrete piles were made with required strength based 
on the dimension and boundary analysis from sand, gravel, cement and water. The procedure 
of the providing needed materials is described in the following sections. 
2.1 Geotechnical properties of used material























1 0.1 0.01 
Particle Size (mm) 
0.001 0.0001 
 
Fig 2. Particle size distribution of the crushed glass 
2.2 Concrete pile 
For the physical modeling test, the pile elements were made up of concrete materials consisting 
of gravel, sand, cement and distilled water. In terms of the pile dimensions for the various tests, 
with the smallest diameter being 10 mm, the gravel was filtered from sieve #10 which has a 
diameter equivalent to the ratio of one in five of the pile diameters. As a paste for granular 
material, a Portland cement type II was used with 60% distilled water of the cement weight, 
approximately. The obtained concrete was kept for nine days inside the soil so as to attain the 
necessary level of stiffness according to the requisite elasticity module in the dimension 
analysis. In order to prevent of unconventional deformations in the test, a ribbed road bar with 
some attached small bars as supported sections, was used in the middle longitude line of the 
pile. In the pull-out tests, this bar was connected to a cap, which was designed to apply drag 











   
  








Material kg/m3 Portion for 5cm mold (gr) 
percentage 
100%
Cement (Type II) 1200 1440
(1200kg/m3) 
Sand (4.75mm) 0.5 600 720 
Sand (2.36mm) 0.3 360 432 
Sand (1.18mm) 0.2 240 288 



























2.58 17.5% 1.595 
Mg/m3 
0º 36 kPa CH 
Table 3. Geotechnical properties of used soil 























1.61E-4 37º 11 kPa SP 
2.3 Sample preparation 
2.3.1 Instruments 
For sample preparation, a rigid box from a metal frame and the glass wall with height equal to 
400 mm, and 300 mm width and 300 mm in length was utilized. In order to tolerate the 
distribution of the load, one Perspex glass with 12mm thickness had been used for four sides 
of the chamber. These panels have been surrounded with a metal angle at every corner to keep 
them tight. To consolidate and applying the vertical load, one metal square plates with the 
dimension 300 × 300 mm, was used to put on the chamber as a bed for installation of the 
pneumatic jack, and well as instruments such as LVDT, load cell and Data logger. To install 
the load cell, in order to measure the applied load by pneumatic jack, one metal pedestal with 
the 200 mm in height was also used on the other metal plates. It should be noted that the weights 
of the metal plate and pedestal were considered as an applied load on the soil samples to 
7 





    
 
  




   
 
   
  
 
    
    
simulate consolidation process. Three plastic and metal nets with different size in holes, were
used in order to drain the excess water during the consolidation process on the top and bottom 
of the specimen. In addition, a thin soft rubber was used to protect the net against the metal 
plates between two materials. Furthermore, pore stone was also laid on both top and beneath 
of the sample. For pre-consolidation process of the soil, one cylindrical pneumatic jack with 
suitable capacity was used. 
2.3.2 Boundary Condition 
Boundary conditions were determined using the PLAXIS 3D foundation software version 
2.1.0.308. The dimensions of the boxes as boundary conditions are determined by several 
factors including the type of failure mechanism that transpired during the loading when the soil 
attained its ultimate capacity. As shown in the following figure, the boundary condition for the 
maximum percentage of CG-K mixture is 50% crushed glass, whilst the biggest pile in diameter 
is 50mm as determined using the software. This shows that the chosen box dimension can be
applied to any diameter of up to 50 mm. Fig 3 illustrate the deformed mesh post-loading and 
depicts the total displacement in Y-Y axis direction following the pull-out test. 
Fig 3. Boundary condition investigation by PLAXIS 3D for pile pull-out test 
2.3.3 Slurry preparation 
In order to provide a normally consolidated clay with undrained shear strength of 20 kPa, the 
following steps were applied: before mixing the soil and water, the Kaolin powder was dried 
at 105°C for at least 48 hours inside the oven to prevent any biological treatment. After the 
drying process, the soil was air-cooled. Furthermore, to make slurry, the water poured into a
mixing drum slowly and then the soil was added. The water amount was 1.5 times of liquid 
limit of the Kaolin. To obtain the homogeneous sample, and avoid spreading of dust, the Kaolin 
powder added very gradually to the water. The mixing process takes about an hour 
continuously and during this process, any lumps were broken by using spatula and mixer
blades. To mix Kaolin and Crushed Glass and make a homogeneous mixture, a type of specific 
propeller used, and mixing procedure was done in a huge plastic container in order to keep all
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material gathered in one place without any leakage. The slurry was kept for 24 hours in order 
to let the suspended aggregate settle due to their weight. After this time, the extra water on the 
top of the sample was vacuumed by means of a syringe. As the consolidation process had been 
conducted in two ways, some holes were considered in the Perspex sheets at the top and the 
bottom of the chamber. At the bottom of the chamber, an empty space was intended in order to 
collect the excess pore water. This extra water was discharged through the valve from the 
bottom of the chamber. 
2.3.4 Consolidation process of clay soil 
In order to install the concrete pile, and making a pile whole inside the soil specimen, a 
designed extruder resembled a drilling process in the field. Firstly, before the drilling operation, 
the plastic mold cylinder shape with a thickness of 1mm was drilled into the soil exactly center 
to center of the cylinder and chamber, to commemorate the place of drilling and act as casing 
to prevent the soil collapse. The thickness of the cylinder was thin enough to prevent pushing 
the soil inside toward the cavity bottom. In terms of workability, the height of the cylinder was 
longer than the pile length, in this case, as the length of the pile was 200 mm, so a length of 
300 mm was selected. Secondly, the drilling extruder pile was drilled into the soil inside the 
cylinder. The pile driller diameter was designed to be the same as the inner diameter of the 
cylinder to bring most of the soil out in one shot. Moreover, the remained soil inside the casing 
was cleaned with a thin belt, and the bottom of the cavity was smoothed with a solid thin bar. 
During pre-consolidation process, in order to provide the required load of the pile, one 
cylindrical pneumatic jack with suitable capacity was used. The maximum pressure, which 
could be applied by the small jack was 10 bars or equal to 1000 kPa, approximately, which 
means, a pressure equal to 87 kPa, on the surface small size of the chamber. With Regards to 
size of the chamber box, 300 mm by 300 mm, the maximum force was near the 1.5 KN on the 
box surface. 
2.3.5 Cast-in-Drilled-Hole (CIDH) Concrete pile preparation and installation 
The requisite undrained shear strength of 20 kPa 
showed that the used soil had the average relative density 2.62 g/cm
tests to compare the requisite shear strength of 20 kPa. To be noted, the results of basic tests 
When the consolidation came to an end, the Vane Shear Test (VST) was performed on pilot 
increasing the load, an LVDT recorded the magnitude of vertical settlement in each step. 
During the consolidation process, the discharged valve was open at the bottom of the Chamber. 
This consolidation process was performed over a period of four days. Simultaneously, with 
of the previous load as 2, 4, 8 kPa, respectively until the ultimate pressure is close to 20 kPa. 
an air control valve. In the next days of consolidation process, the applied load increased twice 
pressure equal to 1 kPa was applied on the sample, by means of a pneumatic jack and through 
dissipated after 24 hours, approximately. In the first step, depending on the chamber size, a 
consolidation. In fact, each step of loading remained as long as the excess pore water pressure 
dissipated, completely. In every physical modeling test, the excess pore water pressure was 




    
   
  
   
 
  
   
 
  
   
  
 
2.3.6 Pile pull-out Test Procedure 
In the pull-out test, a connection was considered connecting the pile cap to apply the tensile 
force by means of a tension motor. After removing the plastic coverage, cap with a hook shape 
in the upper section in order to connect to load-cell and attached plate to install LVDT was 
used, to measure the magnitude of the applied load and displacement of the pile [27] [28] [29] 
[30] during the test. A strain control system contained a tension motor, a very tight metal wire, 
and a hook were used to apply the drag load on the piles. Based on several studies, in order to 
achieve undrained condition, the pull-out rate of 1.3 mm/min (0.05 in/min) was selected, which 
could be adjusted by the voltage of the electric motor. During the applying of the pull-out load 
the magnitude of the applied load, and the displacements were recorded by means of a data 
acquisition system. The schematic diagram of the equipment used in this study is shown in Fig 
4 while the details of thirty physical modeling test including percentage of CG-K mixture and 
pile diameter are illustrated in Fig 5 and Fig 6. In detail, Fig 5 shows different test numbers on 
the X-axis which related them-by every five tests-to the various percentages of crushed glass. 
From the test number one to number five is representing the 0% of crushed glass, while from 
the test number six to number eleven is correlated to 10% crushed glass. This trend is continued 
till the last group of the tests, which are from the test number twenty-five until the very last test 
of number thirty which pertain to 50% of crushed glass mixed with the soil. Furthermore, 
although every five group of tests following the same percentage of crushed glass, Fig 6 shows
that each test number individually have a different pile diameter. In addition, the details of each 
test are tabulated and shown in Appendix-1. 






    
 Fig 5. Variations of crushed glasses in the tests
 Fig 6. Variations of pile diameters in the tests 
2.4 Simulation by MLP and RBF 
In recent years, with the help of advancement in computational hardware as well as more robust 
numerical algorithms various aspects of environmental sustainability, resilience to natural 
hazards and infrastructure performance have been studied in details ([39]; [40]; [41]; [42]). 
Advanced computational models have been successfully validated against the experimental 
data and therefore are providing a cost effective alternative for expensive and sometimes 
unfeasible experiments ([43]; [44]). Combination of numerical model and experimental data 
in the field of civil engineering have also provided the basis for using machine learning






   
 
  
   
  
 
   




In this study, the pile friction coefficient (α) was estimated by considering the influences factors 
of diameter of the pile (D), ultimate pull-out load (Qs), and percentage of crushed glass (CG%). 
Different multi-layer perceptron (hereafter MLPs) were utilized for the estimation purposes. 
As mentioned before, the results of thirty physical modeling tests were used for creating and 
training the MLP models. In addition, factors of coefficient of correlation (R) and mean square 
error (MSE) were used for performance of MLPs. Fig 7 shows the detail of MLP of this study. 
In order to compare the performance of best MLP model, a Radial basis function network was 
chosen. This model has been utilized as an alternative to the MLP for many estimation purposes 
RBFNET = newrb (Input data, Target data, Goal, Spread, MAXN, Display At) (2) 
Note: 
Goal: MSE, spread: spread of the Gaussian function, MAXN: maximum number of neurons 
in hidden layer, DisplayAt: neuron numbers to add between displays. 
ci: center of the ith hidden nodes,
 wij: connection weights, 
𝜑𝑖: RBF function (Gaussian function) 
[31] [32] [33] [34] [35]. The topology of RBF is the same as single layer perceptron, but the 
distance from the center. This output is expressed as in Eq. 1 while, in order to create and train 
an RBF model in Matlab, newrb function was utilized based on Eq. 2 The more details of this 
be introduced as function whose value depends only on the distance from the origin or the 
main difference is the workability of the transfer functions. The output of an RBF model can 
model can be found in many references such as MATLAB guide. 
∑𝑛Output = 𝑖 = 1𝑤𝑖𝑗𝜑𝑖|(𝑥 ― 𝑐𝑖)| 𝑗 = 1, 2, 3, … n (1) 
Note:
 n: hidden layer nodes,
12 
                              
  
 
   





   
  
   
   
 
 
 Fig 7. The inputs and target of MLP and RBF models 
3. Results and discussion 
3.1 Pull-out tests 
Fig 8-a to 8-e show the load-displacement graph for different pile diameters from 10 mm to 50 
mm in different percentages of crushed glass mixed with Kaolinite S300. For instance, in Fig 
8-a, the ultimate skin resistance capacity of 10mm pile is 63.55 N in pure Kaolinite with 0% 
crushed glass. By adding of 10% crushed glass into the Kaolin S300, the ultimate capacity 
hikes to 69.75 N. A significant improvement in ultimate capacity is recorded with the addition 
of 50% crushed glass into the soil i.e. 132.25N. There is a clear upward trend in the strength of 
the pile against pull-out force with the addition of crushed glass as shown in this figure. A 
steady increase of 80.25 N, 91.50 N, and 111.25 N in pile pull-out capacity occurred with the
respective addition of 20%, 30%, and 40% crushed glass. 
In Fig 8-b, while the soil medium experienced its 0% crushed-glass, the 20mm pile hit the 
ultimate skin resistance of 137.75 N. Additional percentages of crushed-glass resulted in higher 
capacities of pile skin resistance. The fact is, shear strength of the soil medium is related 
directly to the percentages of crushed-glass material and the more the crushed-glass, the higher 
the value of the ultimate skin resistance of the pile. Compare with the pure kaolin medium, it 












resistance is lifted up to 132.25 N. 
Following Fig 8-c, 8-d, and 8-e are showing the same trend as discussed above. The range of 
the ultimate skin resistance in pure kaolin medium is from 63.55N to 496N for 10% CG-K and 
10mm to 50mm respectively. Moreover, with investigation of highest percentages of crushed-
glass mixture, the results showed that the ultimate skin resistance had experienced its highest 
value of 658.75N for 50% of CG-K mixture in 50mm pile. 
13
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Fig 8. Load-Displacement charts for (a) D = 10 mm (Pile) (b) D = 20 mm (c) D =30 mm (d) 
40 mm (e) D = 50 mm in different crushed glasses 
3.2 Determination of ultimate load capacity of the piles 
Fig 9 is a summary of Ultimate Load Capacity of each pile with different diameters, versus 
various percentages of Crushed Glass mixed with Kaolinite S300. It is clear that, the ultimate 
skin resistance between CG-K and concrete pile has been improved significantly compared to 
the skin resistance between pure Kaolinite with concrete pile due to the reasonable shear 
strength of glass particles. It goes without saying that there were two effective parameters that
increased the bearing capacity of piles: the diameter of piles and the percentage of crushed 
glass. With study into pile diameters, it shows that when the soil medium is the same, the pile
ultimate resistance capacity is increasing. Likewise, the more the crushed glass, the higher the 
amount of ultimate pile resistance. In addition, Table 5 summarized the Ultimate Bearing 
Capacity (U.B.C.) of each pile diameter at the failure moment with its relative displacement 
compared with its corresponding CG-K percentages mixture. Fig 10 (a) and (b) depict the 
moment of failure during the pull-out test. 
Table 5. Comparison between pile diameter and CG-K mixture percentage, with Ultimate 




























0% 12 63.55 12.5 137.75 11.25 211.5 12 290.25 12.00 496 
10% 12.62 69.75 11.5 152.5 11.75 260 12.25 371 13.00 589.25 
20% 11.75 80.25 11.75 181.75 11.75 282.25 12.25 388.5 13.00 590.25 
30% 12 91.5 11.75 193.25 12.25 296.5 12 402.25 12.25 607.25 
40% 12 111.25 11.25 220.25 11.75 325.25 12.25 426.25 12.50 641.25 
50% 12.75 132.25 12.25 241 12 353.25 12.75 448.5 11.50 658.75 
16 
     
                              
 
     
  
  



























Fig 9. Summary of Ultimate Load Capacity (N) of each pile versus various percentages of CG-
K (%) mixture
 Fig 10. (a) Failure moment of the pile (b) Failed pile from pull-out test 
(a) (b) 
3.3 Determination the unit composite friction coefficient(𝜿) 
Chen et.al.[36], compared different methods encompass alpha (α), beta (β), and Lambda (λ)
methods in detail using both measured and predicted results to evaluate their relative merits for 
bored piles. Based on the obtained results, he showed that alpha (α) method was better statistics 
for undrained side resistance prediction especially in the case of smaller undrained shear 
strength. In this method, the ultimate skin friction is determinable using the equation below: 




    
   
 
   
   
  
    
   
 
   
  
   
   
     
 
   
Where:
𝑄𝑠 =  Pile skin resistance of the pile 
𝐶𝑢 =  Undrained shear strength of the soil 
α =Empirical adhesion factor 
κ=Unit composite friction coefficient 
And P and L are the perimeter and the length of the pile respectively. 
Based on the foregoing, the pull-out capacities were determined based on the alpha (α) method 
to compare the experimental results. The experimental study has been categorized for five 
different types of pile diameter of 10 mm, 20 mm, 30 mm, 40 mm, and 50 mm with the equal
length of 200 mm. A strain control method was used to apply the tensile load on the piles using 
an electrical motor with a constant speed equal to 1.3 mm/min Simultaneous with applying the 
load magnitudes of the displacement were recorded by a data logger acquisition system. Fig 11 
shows the summary of unit composite friction coefficient, κ. The Y axis represent the value of 
unit composite friction coefficient, κ, while the X axis represent the different percentages of 
CG-K mixture, moreover as it can be seen each graph line represent the different pile diameter 
as well. Based on finding, it can be concluded that not only the pile diameter, but also the 
amount of crushed glass in Kaolinite had effective role on the amount of results. In detail, 𝜅
since the crushed glass improved the Kaolinite shear strength, and the more the shear strength, 
the more the ultimate skin resistance, and on the other hand, regards to the Eq.3, unit composite 
friction coefficient, κ, has direct relation with ultimate skin resistance, so it goes without saying 
that the more the crushed glass, the more the value of unit composite friction coefficient, κ. Fig 
12 shows the relationship between ultimate skin resistances of pile with unit composite friction 
coefficient, κ, for different pile diameters. In addition, the summary of the experimental results
is shown in Fig 13. 
0% 10% 20% 30% 40% 50% 
50mm 0.79 0.94 0.94 0.97 1.02 1.04 
40mm 0.58 0.74 0.77 0.80 0.85 0.89 
30mm 0.56 0.69 0.75 0.79 0.86 0.94 
20mm 0.55 0.61 0.72 0.77 0.88 0.96 
10mm 0.51 0.56 0.64 0.73 0.89 1.05 
0.51 0.56 0.64 0.73 0.89 
1.050.55 0.61 0.72 0.77 
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Fig 11. Summary of the unit composite friction coefficient, κ, changes with respect to the 
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Fig 12. Ultimate skin resistance (Qs) influence 
coefficient, κ, for different pile diameter. 








































Fig 13. Summary of experimental tests 
3.4   Effect of CG-K % on the unit composite friction coefficient, κ, and unit shaft friction 
(𝒇𝒔) 
The following figures show the different value of unit composite friction coefficient, κ, and 
unit shaft friction (𝑓𝑠) in various percentages of CG-K mixture for different pile diameters. As 
the piles change in terms of their diameter values, the result shows higher amount of unit 
composite friction coefficient, κ, and unit shaft friction (𝑓𝑠). Moreover, the more the percentage 
of crushed glass, the higher the value of the unit shaft friction. This is caused due to the 
increment in the value of the undrained shear strength of the soil (𝑐𝑢). However, the unit 
composite friction coefficient is affected by the value of the unit shaft friction. As it can be 
19
  
   
    
  
 
    
 
  
    
seen from the Fig 14 (a) both unit composite friction coefficient, κ, and unit shaft friction (𝑓𝑠)
are trending upward by increasing the percentage of crushed glass in the soil medium for the 
10mm pile diameter. For instance, with 0% CG-K mixture (Kaolin without crushed glass), the 
unit composite friction coefficient is κ=0.51, while the unit shaft friction is 𝑓𝑠 = 10.12 , and 
when the CG-K mixture is 50%, the unit composite friction coefficient increased to almost 
more than doubled by κ=1.05, albeit the unit shaft friction is 𝑓𝑠 = 21.06 . Fig 14 (b) to Fig 14 
(e) show the same trend as above for the different pile diameters of 20 mm to 50 mm 
respectively. The results show that the unit composite friction coefficient, κ, was not influenced 
by changing the pile diameter value and the results indicated that there is an insignificant 
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  Fig 14. Variations of unit composite friction coefficient, κ, and unit shaft friction (𝒇𝒔)
different CG-K mixture (a) d= 10 mm, (b) d= 20 mm, (c) d= 30 mm, (d) d= 40 mm, (e) d= 50 
mm (d = pile diameter) 
3.5 MLP and RBF results 
Two performances criteria of different MLP and RBF models are evaluated in this section. 






    
   
    
 
 




function has the ability to estimate non-linear functions [37] [38]. It should be mentioned that, 
in order to find the best performances criteria and to prevent the overfitting problem, 10-fold 
cross-validation technique was utilized, and each model was trained for 30 times by back 
propagation algorithm. The learning process was terminated when no improvement was 
observed in performance of validation data. The results found that MLP models (3 × 10 × 1) 
showed the best performance. As can be seen, based on the Table 5, with 10 neurons in hidden 
layer, the MSE of the model was found near zero indicating that there is no difference between
the target and the output of the best model. It shows that the model prediction fits well with the
experimental observations. Regarding the RBF with Goal = 0, Spread = 1, MAXN = 25 and 
performance (MSE) of best RBF model. Therefore, it is concluded that, both MLP and RBF 
Display At =1, the MSE of the best model was found to be close zero. Fig 15 shows the
model estimated the target with high accuracy. 
Table 5.  Performance indices of best MLP model 
Results Samples  MSE R 
Training 20 4.17e-11 9.99999e-1 
Validation 5 7.56e-4 9.94205e-1 
Testing 5 2.59e-3 9.98777e-1 












Performance is 0.000101765, Goal is 0 
Train
 Fig 15. Performance (MSE) of best RBF model 
4. Conclusion 
In conclusion, the unit composite friction coefficient, κ, was introduced in this paper. The 
results indicated that, the percentage of crushed glasses has a significant effect on the skin 








pull-out test failed in a slower rate. In terms of the unit composite friction coefficient, κ, when
the crush glass mixture was 50%, it rose to κ=1.05 equal almost more than doubled amount of 
pure kaolin test. In addition, the results of soft computing showed that both MLP and RBF 
models, estimated the unit composite friction coefficient, κ, with a relatively high accuracy. 
Finally, it should be indicated that, although the field study of using crushed glass mixed with 
dredge material has been done previously, and it has been explained completely in literature 










Table A-1. The details of each tests 
Test no Pile diameter (cm) CG-K (%) 
1 10 0 
2 20 0 
3 30 0 
4 40 0 
50 0 
6 10 10 
7 20 10 
8 30 10 
9 40 10 
50 10 
11 10 20 
12 20 20 
13 30 20 
14 40 20 
50 20 
16 10 30 
17 20 30 
18 30 30 
19 40 30 
50 30 
21 10 40 
22 20 40 
23 30 40 
24 40 40 
50 40 
26 10 50 
27 20 50 
28 30 50 
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